Increasing amounts of evidence strongly suggests that dysregulation of ubiquitin-proteasome system is closely associated with cancer pathogenesis. Speckle-type POZ protein (SPOP) is an adapter protein of the CUL3-based E3 ubiquitin ligase complexes. It selectively recruits substrates for their ubiquitination and subsequent degradation. Recently, several exome-sequencing studies of endometrial cancer revealed high frequency somatic mutations in SPOP (5.7-10%). However, how SPOP mutations contribute to endometrial cancer remains unknown. Here, we identified estrogen receptor-α (ERα), a major endometrial cancer promoter, as a substrate for the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex. SPOP specifically recognizes multiple Ser/Thr (S/T)-rich degrons located in the AF2 domain of ERα, and triggers ERα degradation via the ubiquitin-proteasome pathway. SPOP depletion by siRNAs promotes endometrial cells growth. Strikingly, endometrial cancer-associated mutants of SPOP are defective in regulating ERα degradation and ubiquitination. Furthermore, we found that SPOP participates in estrogen-induced ERα degradation and transactivation. Our study revealed novel molecular mechanisms underlying the regulation of ERα protein homeostasis in physiological and pathological conditions, and provided insights in understanding the relationship between SPOP mutations and the development of endometrial cancer. Cell Death and Disease (2015) 6, e1687; doi:10.1038/cddis.2015.47; published online 12 March 2015
Endometrial cancer is the most common gynecologic malignancy that arises from the endometrium, or lining, of the uterus. Endometrial cancer causes~74 000 deaths annually among women worldwide. 1 Most patients present with lowgrade, early-stage disease. However, patients with more aggressive, high-grade tumors that spread beyond the uterus will usually progress within 1 year. 2 For effective cancer prevention and treatment, it is necessary to identify genetic alterations that initiate endometrial cancer and contribute to its progression. Recently, significant progress has been made in identifying the genetic alterations in endometrial cancer using array-based technologies and next-generation sequencing. [3] [4] [5] [6] Mapping the genomic landscape of endometrial cancer has produced comprehensive molecular classification of these tumors, which may ultimately serve to improve the diagnosis and treatment of patients with endometrial cancer. 7 Among these investigations, speckle-type POZ protein (SPOP) was identified as one of the most frequently altered genes by somatic point mutations in endometrial cancers through largescale exome-sequencing approaches. [3] [4] [5] [6] Nonetheless, how SPOP mutations contribute to the pathogenesis and progression of endometrial cancer remains unknown. SPOP is an adaptor protein of the CUL3-RBX1 E3 ubiquitin ligase complex. It selectively recruits substrates via its N-terminal MATH domain, whereas its BTB domain mediates dimerization and interaction with CUL3. 8 SPOP has been linked to the ubiquitination of several substrates in both Drosophila and human cells, including the steroid receptor coactivator SRC-3, death domain-associated protein Daxx, the phosphatase Puc, the transcriptional regulator Ci/Gli, and several others. [9] [10] [11] [12] [13] All endometrial cancer-associated SPOP mutations identified so far affect evolutionarily conserved residues in the MATH domain, suggesting that the mutations may alter the interaction of SPOP with its substrates. [3] [4] [5] [6] In addition to endometrial cancer, SPOP is also mutated in 4.6 to 14.4% of patients with prostate cancer across different ethnic and demographic backgrounds.
14 Importantly, mutual exclusivity of SPOP mutation with ETS family gene rearrangement, as well as a high association with CHD1 deletion reinforces SPOP mutation as defining a distinct molecular subclass of prostate cancer.
Estrogen receptor-α (ERα), encoded by ESR1 gene, is a nuclear transcriptional factor that mediates estrogenstimulated cell proliferation in hormone-responsive cancers, such as breast, endometrial and ovarian cancers. 16 The ERα protein is highly overexpressed in breast, endometrial, and ovarian cancers and is among the first known targets for molecular therapy in any cancers. 16 After binding to estrogen, ERα dimerizes and translocates into the nucleus, where it recruits co-activators or co-repressors, as well as chromatinremodeling factors, to estrogen response elements on target gene promoters to activate or repress transcription. 17 ERα is a member of the sex steroid receptors family that liganddependently regulates the functions of the sexual organs. Other sex steroid receptors include the androgen receptor (AR), the estrogen receptor-β, and the progesterone receptor. All sex steroid receptors are built with similar modular structure, including a DNA-binding domain, a hinge region with a nuclear location signal, and a ligand-binding domain. 18 Recently, we reported that SPOP influences the AR stability and inhibits AR-mediated gene transcription and prostate cancer cell growth. 19 Importantly, prostate cancer-associated mutants of SPOP cannot bind to AR and fail to promote AR ubiquitination and degradation, implying the importance of this pathway in the resistance to antiandrogen therapy of prostate cancer. 19 On the basis of that SPOP regulates AR abundance, as well as similar domain architecture between ERα and AR, we investigated the possible role of SPOP in controlling ERα protein stability.
In this study, we demonstrated that SPOP forms a functional CUL3-SPOP-RBX1 E3 ubiquitin ligase complex which targets ERα for ubiquitination and proteasomal degradation in endometrial cancer cells. Moreover, this effect is abrogated by the endometrial cancer-associated SPOP mutations. Our results provide a functional insight into the molecular mechanism of endometrial cancer pathway involved with SPOP mutations.
Results

SPOP interacts with ERα in cells.
It was previously reported that SPOP regulates AR stability. 19 Because ERα is the most extensively studied biomarker and the best predictor for response to endocrine therapy in patients with endometrial cancer, we explored the possibility that SPOP regulates ERα protein stability via a similar mechanism as that of AR stability. Accordingly, we first examined whether SPOP interacts with ERα in cells. To do this, FLAG-HA (FH)-SPOP and Myc-ERα constructs were co-expressed in 293T cells. Cell lysates were subsequently prepared for coimmunoprecipitation (co-IP) with anti-FLAG antibody. As shown in Figure 1a , Myc-ERα was immunoprecipitated by FH-SPOP, suggesting an interaction between these two proteins. Similar results were also obtained in the reciprocal co-IP experiment in which FH-ERα was able to immunoprecipiate Myc-SPOP ( Figure 1b) . Next, we decided to extend our analysis by investigating whether endogenous SPOP and ERα can interact with each other. In this case, we chose Ishikawa cells, an ERα-positive human endometrial adenocarcinoma cell line, for subsequent study. Sanger sequencing of SPOP exon6/7 of Ishikawa cells revealed no mutation in MATH domain (data not shown). Immunoprecipitation using anti-ERα antibody was performed using cell lysates prepared from Ishikawa cells. As shown in Figure 1c , endogenous SPOP was efficiently immunoprecipitated by ERα, suggesting these two proteins can also interact with each other at endogenous levels.
SPOP contains two structural domains: a substrate-binding MATH domain at the N-terminus and a CUL3-binding BTB domain at the C-terminus. 8 To determine which domain may mediate its interaction with ERα, we generated two deletion mutants of SPOP (SPOP-ΔBTB and ΔMATH), corresponding to the deletion of these two domains, respectively (Figure 1d ). co-IP assay was performed to test the binding affinity of the full length SPOP (SPOP-WT) and the two deletion mutants with overexpressed ERα in 293T cells. As shown in Figure 1e , while SPOP-WT and SPOP-ΔBTB interacted efficiently with ERα, the interaction between SPOP-ΔMATH and ERα was totally abolished. To further map the ERα-binding sites in the MATH domain of SPOP, we constructed a series of small deletion mutants of SPOP in MATH domain (SPOP-D1-D8), then we compared the binding affinity of SPOP-WT and mutants (D1-D8) with ERα. As shown in Figures 1f and g ERα is a bona fide substrate of the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex. Then we explored whether the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex can promote the ubiquitination and degradation of ERα. As shown in Figure 2a , expression of SPOP decreased the ectopically coexpressed ERα protein level in 293T cells in a dosedependent manner. This effect was completely blocked when cells were treated with the proteasome inhibitors MG132 or Bortezomib (Figure 2a ). In contrast, lysosome inhibitor chloroquine could not block SPOP-mediated ERα degradation. These results indicated that SPOP downregulates ERα protein via the proteasomal and not the lysosomal degradation pathway. Moreover, SPOP-WT, but not the SPOP-ΔBTB or SPOP-ΔMATH mutant, promoted ERα degradation (Figure 2b ), indicating that the BTB and MATH domains are both required for SPOP-mediated ERα degradation. Next, we examined the effect of SPOP on the degradation of endogenous ERα. Similarly, as shown in Figure 2c , overexpression of SPOP-WT, but not the SPOP-ΔBTB or SPOP-ΔMATH mutant in Ishikawa cells resulted in a moderate decrease in the protein level of endogenous ERα. Moreover, knockdown of endogenous SPOP using two gene-specific siRNAs increased ERα protein levels in Ishikawa cells (Figure 2d ). To exclude the possibility that ERα protein elevation resulted from transcriptional upregulation, we performed qRT-PCR to measure the mRNA levels of SPOP and ERα in SPOP-depleted Ishikawa cells. In contrast to the significant decrease of SPOP mRNA levels, the mRNA levels of ESR1 gene (encoding ERα) in SPOP-depleted Ishikawa cells stayed at a level similar to that of the control cells (Figure 2e) , indicating that the effect of SPOP on ERα protein levels is not mediated through the upregulation of ERα mRNA levels. In addition, knockdown of SPOP remarkably prolonged the half-life of endogenous ERα protein in Ishikawa cells (Figures 2f and g ), further suggesting that SPOP regulates ERα protein at the post-translational level.
Next we sought to determine whether other subunits of the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex are also required for ERα degradation. We respectively knocked down RBX1 or CUL3 using two gene-specific siRNAs and examined the changes in ERα protein level in Ishikawa cells. As shown in Figure 2h , knockdown of either RBX1 or CUL3 resulted in a significant increase in ERα protein levels, an effect similar to SPOP knockdown. These results suggest that other subunits of ubiquitin ligase complex are also required for the degradation of ERα.
To further determine whether ERα was degraded through SPOP-mediated polyubiquitination, HA-Ubiquitin and FH-ERα constructs were co-expressed in 293T cells with different doses of SPOP-WT or SPOP-ΔBTB mutant. As shown in Taken together, these data demonstrate that the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex regulates ERα stability through ubiquitin-dependent proteasomal degradation pathway in endometrial cancer cell lines. It also suggested SPOP may regulate endometrial cells growth in an ERα-dependent and independent manner.
Multiple Ser/Thr (S/T)-rich motifs in ERα are required for SPOP-mediated ERα degradation. Previous study has reported that an optimal SPOP-binding motif contains 3-4 contiguous Ser/Thr (S/T) residues.
11 Similar S/T-rich motifs are present in known SPOP-binding proteins, such as Puc, MacroH2A, Ci/Gli, SRC-3, and AR. Therefore, we examined the protein sequence of ERα and found three S/T-rich motifs located in the ligand-binding domain/AF2 domain resembling the SPOP-binding pattern (Figure 3a) . In order to examine whether these S/T-rich motifs are actually required for SPOP-ERα interaction, we generated three ERα mutants (M1, M2, and M3) in which the Ser/Thr residues in each motif were mutated to Ala (A). An ERα-M4 mutant was also generated in which all 10 Ser/Thr residues in 3 motifs were mutated to Ala (A; Figure 3a) . The 293T cells were co-transfected with SPOP and wild-type ERα or one of these mutants. Co-IP assays demonstrated that SPOP was co-immunoprecipitated by ERα-WT, M1, or M2 mutant at similar levels, whereas the interaction was significantly reduced between SPOP and ERα-M3 mutant. Moreover, the interaction was completely abolished between SPOP and ERα-M4 mutant (Figure 3b) . Thus, these results suggested that the S/T-rich motifs of ERα were essential for SPOP binding. Each S/T-rich motif may partially contribute to the SPOP-binding capacity, but the third S/T-rich motif appeared most critical for the ERα-SPOP interaction.
Next, we examined whether the S/T-rich motifs are required for SPOP-mediated ERα degradation. As shown in Figure 3c , mutation of the first S/T-rich motif (ERα-M1) mildly reduced SPOP-mediated ERα degradation when compared with ERα-WT, whereas mutation of the second S/T-rich motif (ERα-M2) severely reduced SPOP-mediated ERα degradation. In addition, mutation of the third or all S/T-rich motifs (ERα-M3 or M4) completely abrogated SPOP-mediated ERα degradation (Figure 3c ). These results suggested that the S/T-rich motifs are important in SPOP-mediated ERα degradation. To further explore whether the S/T-rich motifs are also important for ERα turnover, we measured the half-lives of the ERα-WTor ERα-M4 mutant in 293T cells. As shown in Figures 3d and e , ERα-M4 mutant exhibited a significantly prolonged half-life than that of ERα-WT. To further determine the importance of these motifs as degrons, ERα-WT or mutants was cotransfected with or without SPOP in 293T cells. In vivo ubiquitination assay demonstrated that mutation of all S/T-rich motifs (ERα-M4) rather than any single motif (ERα-M1, M2, or M3) totally abolished SPOP-mediated ERα ubiquitination (Figure 3f) .
ERα ubiquitination can be mediated by multiple E3 ubiquitin ligases in response to changing cellular conditions. 16 E6-AP is the most extensively studied E3 ligase for ERα, and its loss attenuates 17β-estradiol (E2)-induced ERα degradation. 20 Previous studies reported E6-AP binding to ERα in a Ser118-dependent manner. 20 However, our results showed that SPOP could efficiently target ERα-S118A for degradation to the same extent as ERα-WT (Figure 3g ), suggesting the Ser118 is dispensable for SPOP-mediated ERα degradation. Taken together, these observations demonstrate that the three S/Trich motifs functions as ERα degrons, which are essential for SPOP binding and subsequent degradation of ERα, and the third S/T-rich motif is most crucial for this function.
Endometrial cancer-associated mutants of SPOP are defective in promoting ERα degradation and ubiquitination. SPOP was mutated in 5.7-10% of patients with endometrial cancer across multiple independent cohorts (Table 1) . Moreover, SPOP mutations were detected in three major histological subtypes of endometrial cancer (endometrioid, clear cell and serous). Notably, all the SPOP mutations found in endometrial cancer far-exclusively occur in the MATH domain which is responsible for ERα binding (Figure 4a ). Therefore, we propose that endometrial cancerassociated SPOP mutations may cause dysfunction in regulating ERα protein level. To test this, nine Myc-tagged endometrial cancer-associated mutants of SPOP were generated according to four large-scale exome-sequencing studies (Table 1) , including E47K, E50K, G75R, S80R, P94A, M117V, M117I, R121Q, and D140G. We initially examined their interactions with ERα by co-IP assay. As shown in Figure 4b , mutations of the residues at MATH domain substantially decreased the capacity of SPOP to interact with ERα in vivo, suggesting the endometrial cancerassociated SPOP mutants are defective in binding to ERα. We then examined the capacities of endometrial cancerassociated SPOP mutants in promoting ERα degradation. As shown in Figure 4c , a group of SPOP mutants (SPOP-M117V, M117I, and R121Q) displayed reduced capacity to promote ERα degradation when compared with SPOP-WT, whereas other groups did not alter ERα protein level (SPOP-E47K, E50K, G75R, P94A, and D140G) or increased ERα protein level (SPOP-S80R), suggesting that endometrial cancer-associated SPOP mutants may differentially regulate ERα stability. Furthermore, in vivo ubiquitination assays indicated that some SPOP mutants (SPOP-E47K, E50K, G75R, S80R, and D140G) lost the capacity to promote ERα polyubiquitination, whereas SPOP-M117V, M117I, and R121Q mutants could generate partially polyubiquitinated form of ERα (Figure 4d ). Taken together, our findings suggest that endometrial cancer-associated mutants of SPOP are defective in promoting ERα degradation and ubiquitination.
We then explored the impact of SPOP mutations on endometrial cell proliferation. First, we established Ishikawa cell lines that were stably transfected with control constructs, SPOP-WT or SPOP mutants, respectively. SPOP expression levels were determined by WB analyzes. As shown in Supplementary Figure S2A , FH-SPOP-WT or mutants were stably expressed in Ishikawa cells. We found stable overexpression of SPOP-WT in Ishikawa cells resulted in a marked decrease in the protein level of endogenous ERα, whereas stable overexpression of SPOP mutants did not alter the endogenous ERα protein level (Supplementary Figure S2A) . Next, we measured the cells growth of Ishikawa stable cell lines using CCK-8 assay. As shown in Supplementary Figure  S1B , stable overexpression of SPOP-WT, but not the SPOP mutants, resulted in a retardation of Ishikawa cell growth. Interestingly, a subset of SPOP mutants (S80R, M117V, M117I, and R121Q, D140G) accelerated Ishikawa cells growth when compared with control cells, suggesting a possible gain-of-function dominant-negative effect of these SPOP mutants on the Ishikawa cells growth (Supplementary Figure S2B) . Thus, our findings suggest that wild-type SPOP can suppress endometrial cell proliferation, and this suppression is abrogated by endometrial cancer-associated SPOP mutations.
SPOP participated in estrogen-induced ERα degradation.
ERα is rapidly ubiquitinated and degraded through the ubiquitin-proteasome pathway after estrogen binding. 21 However, the molecular mechanism by which estrogen downregulates ERα protein is not fully understood. To determine whether SPOP has a role in this process, we first examined whether estrogen treatment can affect SPOP-ERα interaction. FH-ERα and Myc-SPOP were overexpressed in 293T cells, and then the cells were treated with hormone 17β-estradiol (E2) or vehicle ethanol (EtOH) before harvesting. co-IP assay was performed to test the impact of estrogen treatment on SPOP-ERα interaction. As shown in Figure 5a , E2 treatment leads to a significant downregulation of overexpressed ERα. However, more SPOP was coimmunoprecipitated by ERα, suggesting that estrogen treatment enhances the interaction between ERα and SPOP. We further demonstrated that SPOP-induced downregulation of ERα protein was markedly enhanced by E2 treatment (Figure 5b) . Furthermore, we demonstrated that knockdown of endogenous SPOP largely diminished E2-induced downregulation of endogenous ERα protein in Ishikawa cells (Figure 5c ). Consistent with these findings, E2 treatment resulted an increase of SPOP-mediated ERα ubiquitination (Figure 5d ). Finally, we demonstrated that stable overexpression of SPOP-WT but not the SPOP mutants diminished E2-dependent transactivation of ERα target gene GREB1 in Ishikawa cells (Figure 5e ). Similar effects were observed in other two ERα target genes, Cyclin D1 and ABCA3 (Supplementary Figure S3A and 3B) . We also demonstrated that SPOP-WT and mutants differentially regulated the protein levels of GREB1 and Cyclin D1 (Supplementary Figure S3C) .
We then examined whether the estrogenic effect on SPOP regulation of ERα degradation is mediated through the S/Trich motifs. As shown in Figure 5f , E2 but not the Tamoxifen treatment significantly decreased the protein level of ERα-WT. However, this effect was largely diminished with the ERα-M4 mutant, which can't bind SPOP (Figure 5f ). The anti-estrogen drug fulvestrant causes immobilization of ERα in the nuclear matrix accompanied by rapid degradation by the ubiquitin-proteasome pathway. 22, 23 We also examined whether SPOP is involved in fulvestrant-induced ERα degradation. As shown in Figure 5g , ERα-M4 mutant remained susceptible to degradation induced by fulvestrant, suggesting fulvestrant-induced ERα Degradation occurs through SPOP-independent mechanisms. Taken together, these data suggest that SPOP has an important role in estrogen-induced ERα degradation and transactivation in endometrial cancer cells.
Discussion
Recurrent SPOP mutations in endometrial cancer have been confirmed by four independent genome-wide studies (Table 1) . Although frequent mutations of SPOP in endometrial cancer have been identified, the functional impact of these mutations remains unknown. In this study, we demonstrated that ERα is a bona fide substrate for the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex ( Figure 6 ). SPOP recognizes the Ser/Thr-rich degrons in the AF2 domain of ERα, and promotes ERα ubiquitination and proteasomal degradation. Endometrial cancer-associated mutants of SPOP are defective in promoting ERα degradation and ubiquitination. Moreover, SPOP participates in estrogen-induced ERα degradation. Taken together, these findings provide new insights in our understanding of the physiological and pathophysiological significance of SPOP in regard to the development of endometrial cancer.
Mining of the cancer exome-sequencing data deposited in COSMIC (Catalouge of Somatic Mutations in Cancer) database (http://www.sanger.ac.uk/cosmic) revealed that 
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SPOP mutations are common in endometrial and prostate cancers, but rare in cancers of other tissue types. The copy number analyzes of amplification, loss of heterozygosity (LOH), and deletion in 24 cancer types revealed LOH at high percentages in the SPOP locus, suggesting genomic loss of the SPOP locus occurs frequently in human cancers. 9 Thus, multiple mechanisms such as somatic mutations, LOH, and epigenetic silencing might be utilized by different cancer types to inactivate SPOP. Another unexpected finding is that SPOP mutational spectra are entirely different between endometrial and prostate cancer. The endometrial cancer-associated SPOP mutants were not observed in previous prostate cancer data. Reciprocally, prostate cancer-associated SPOP mutants were not observed in endometrial cancer data. An in-depth understanding of this difference is still lacking. A plausible explanation is that the SPOP mutants from different cancers Through detailed mutation analysis, we identified three S/T-rich motifs located in the AF2 domain of ERα. Our results suggested that SPOP-mediated degradation and ubiquitination of ERα may depend on cooperatively among multiple S/T-rich motifs. Notably, multiple S/T-rich degrons are also found in several other SPOP substrates, such as Puc and Ci. For example, Puc contains one optimal and two suboptimal degrons. 24 The results of in vitro ubiquitination with Puc mutants indicated that the relative contributions of S/T-rich motifs of Puc are proportional to their abilities to bind SPOP. 24 A similar situation was observed for SPOP-ERα interaction (Figures 3b and f) . Moreover, recent studies reported that SPOP can form large oligomers. 25 SPOP oligomerization can serve to enhance SPOP-substrate avidity through the presentation of multiple substrate-binding MATH domains. Reciprocally, SPOP-substrate avidity would further enhanced by multiple S/T-rich motifs within a single substrate, a property especially common among the various SPOP substrates. 25 So it is possible that oligomeric SPOP engages multiple S/T-rich motifs of ERα for ubiquitination and degradation.
Another important finding of our study is that estrogen induces ERα degradation by facilitating SPOP-ERα interaction. Although the detailed molecular basis for this remains unknown, one possible explanation is that, when estrogen bind to ERα, ERα undergoes conformation changes, thereby affecting the binding of the S/T-rich motifs to SPOP and subsequent ERα degradation. Interestingly, we found that ERα-M3 mutant protein showed a retarded electrophoretic motility compared with ERα-WT, whereas such a mobility shift was not observed in ERα-M1 or M2 mutant (Figure 3c ), suggesting the third S/T-rich motif might be important for ERα conformation. This result is consistent with the finding that only ERα-M3 mutant is totally resistant to SPOP-mediated ERα degradation (Figure 3c ). Our studies also demonstrated that SPOP knockdown largely diminished but not abolished estrogen-induced ERα degradation (Figure 5c ). Previous studies reported that E6-AP knockdown also attenuates estrogen-induced ERα degradation, 20 suggesting multiple E3 ubiquitin ligases may participate in this process. Unlike estrogen, the anti-estrogen drug fulvestrant induces a distinct conformational change in the ERα and inhibits receptor homodimerization, nuclear localization, and enhances rapid degradation of the ERα. 26 This process is driven by a SPOPindependent manner because ERα-M4 mutant protein that cannot bind SPOP remained susceptible to fulvestrantinduced degradation (Figure 5f ).
For future studies, it will be useful to generate mice models of conditional endometrial-specific SPOP knockout or knockin to further characterize the phenotype of SPOP mutations in vivo, and determine whether ERα pathway is dysregulated in SPOP mutated endometrial cancer.
